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面增强拉曼散射 (Surface enhanced Raman scattering，简称 SERS) 效应的发现成功地奠定
了将拉曼光谱应用于表面科学研究的实验基础。但是二十多年过去了，表面增强拉曼光谱















i）仅有少数几种金属（主要是 Ag、Au 和 Cu）以及少数极不常用的碱金属（如锂、
钠等）具有强的表面增强效应，这很大程度上限制了表面增强拉曼光谱的广泛应用。 
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Fleischmann et al. observed the high quality Raman spectra of pyridine adsorbed at an 
electrochemically roughened Ag electrode surface in 1974. The enhancement of the signal for 
the adsorbate was confirmed later to be about six orders, and the phenomenon was called as 
surface-enhanced Raman scattering (SERS) effect. This effect is the fundamental for applying 
Raman spectroscopy in surface sciences. However, even about 25 years after the discovery of 
SERS effect, surface-enhanced Raman spectroscopy (SERS) has not yet been developed into a 
general and important tool in surface sciences as expected in its infant stage. The following three 
restrictions of SERS may account for slow development of and hinder the development of 
SERS. 
i) Only noble metals, mainly Ag, Au and Cu and some alkali metals such as Li and Na 
exhibit great enhancement of the Raman effect. As a consequence, it limited severely the 
wide application of SERS. 
ii) Even for noble metals, the strong SERS effect can only be observed at the roughened 
surfaces. The structure of such kind of SERS active surface is random and complex with 
particle size ranging from micron to the dimension of atomic clusters. This leads to the 
complexity of SERS investigation and the difficulty in data analysis.  
iii) The complex structure of the rough surface limits the relevant theoretical studies, which 
makes it difficult to separate clearly the contribution of electromagnetic and chemical 
enhancement to the total SERS.     
These restrictions resulted in the recession of the investigation and application of SERS 
after 1980’s. However, several groups, including our group realized that the complexity of SERS 
should imply some fundamental scientific problems to be revealed and solved. Basing on the 
consideration that the SERS effect was an optical enhanced phenomenon originating from a 
rough surface or particle of proper size and shape, we have tried to find various methods to 
overcome the above-mentioned restrictions. Accordingly, the emphasis of this thesis is placed on 
the following issues: First, to explore the possibility of extending surface Raman spectroscopy to 
iron electrode of applicable significance through the preparation of iron surface with nano-scale 
roughness. Secondly, using the template synthesis technique, we prepared ordered metal nanorod 
arrays with well-controlled diameter and length to serve as the highly SERS active substrates 













the SERS as a diagnostic tool for characterizing the novel physical properties of metal nanorod 
arrays. The main results and conclusions of the dissertation are listed as follows: 
  
(i) Extending surface enhanced Raman spectroscopy to iron surfaces  
As stimulated by the observation of SERS effect from some transition metals, such as Pt, Ni, 
Co and Rh in our lab, we developed different methods, for the first time, to obtain SERS active 
iron electrode suitable for the in-situ electrochemical investigation. Moreover, it has been found 
that the SERS activity of iron is more stable than that of noble metals. The surface enhancement 
factor (SEF) is about 2-3 orders, depending on the roughening procedures. Although the 
roughness and the surface bump of the electrodes after different pretreatment are quite identical, 
they exhibit different SEF probably due to the different surface morphology (e.g., tip of the 
particle) of the surface particles. Thus, it was essential to make further studies much 
systematically. 
Based on the fact that the potentials at maximum intensity (EMax) of pyridine adsorbed on 
iron electrode surfaces only shifts slightly with different excitation lines, it is reasonable to 
assume that the photon-driven charge transfer enhancement seemed not to play an important role 
for the roughened Fe surface. Therefore, in our theoretical calculation we mainly consider the 
contribution of the electromagnetic (EM) enhancement. Both theoretical calculation and 
experimental results showed that the surface plasmon resonance on transition metal surfaces 
does not tend to be excited by the visible light. However, the electromagnetic field around the tip 
of a particle shows significant enhancement. This phenomenon was called lightning rod effect. 
Therefore, one can assume that the lightning rod effect may play a key role in the enhancement 
of iron surface in the present case. The theoretical calculation from the semi-prolate spherical 
model revealed that the SEF of the EM was about 2-3 orders, depending on the aspect ratio of 
the ellipsoids.  
Based on the above work, we successfully extended the SERS study to some systems of 
practical importance on iron. The film formation process and inhibition effect of thiourea and 
benzotriazole on iron surfaces were investigated respectively. In the former case, thiourea 
adsorbed on the iron surface by its S atom and formed a compact coadsorbed layer. The anion 
coadsorbed with thiourea through the protonated amino group and acted as the bridge for 
connecting thiourea molecules. In the later, benzotriazole interacted with iron surface through 













which may suppress the dissolution and oxidation of Fe effectively. In addition, the solution pH, 
electrode potential, the synergetic effect of I- and the immersion time in benzotriazole have 
obvious influence on the inhibition efficiency. 
The above studies show that the iron surface with proper nano-scale structure roughened by 
the electrochemical oxidation and reduction cycles could serve as a new SERS substrate. So 
SERS can be extended to iron surfaces for practical application. As a consequence, it allows us 
to investigate the inhibition mechanism and other practical systems on iron surfaces at molecular 
level. 
 
(ii) Surface Raman spectroscopic studies on aromatic molecules adsorbed on 
transition metal surfaces 
Aromatic molecules were models for studying the adsorption and reaction on transition 
metals by various spectroscopic techniques. However, there are only few reports on them in the 
electrochemical system studied by Raman spectroscopy due to its low sensitivity. The obtaining 
of SERS active iron and platinum electrodes allows us to study systemically the influence of 
molecular structure, surface orientation and electrode potential on the surface Raman spectra. 
The mail results are given as follows: 
The adsorption behavior of pyrazine on iron is similar to that on platinum. The detection of 
some Raman-forbidden bands was mainly due to the lowing of the symmetry of pyrazine by 
adsorption. The change of the electrode potential could induce the re-orientation of pyrazine, 
which resulted in the observation of new bands and the variation of the relative intensities of 
different bands. According to the surface selection rules, it is reasonably to deduce that pyrazine 
molecule preferred to orientation in a vertical or tilt way towards the surface via its N atom in 
the investigating potential region. 
Benzene lies down at the platinum surface through the weak interaction between π bond of 
the benzene ring and the metal surface, and there was no charge transfer between them. 
Therefore, the adsorption of benzene on platinum behaves more physically. In the acidic solution, 
benzene could be hydrogenated to form cyclohexane in the potential region of hydrogen 
evolution at the platinum electrode. 
The adsorption behavior of benzonitrile is remarkably influenced by the electrode potential, 
electrolyte, solution pH, concentration and laser excitation line. Benzonitrile can adsorb 













it adsorbs via the N atom and the benzene is vertical or tilts to the surface. For the flat way, it lies 
down on the surface via the interaction between π bond of benzene ring and the metal surface. 
The fact that the potentials at maximum intensity (EMax) shift with the laser excitation line 
revealed that charge transfer enhancement contributes to the SERS effect, in which the charge 
transfers from benzonitrile to platinum.  
Therefore, by using in-situ electrochemical SERS technique, it was beneficial to investigate 
deeply the surface Raman spectra on transition metals and the surface selection rule through 
careful selection the probe molecules with typical structure and characteristic groups. 
  
(iii) SERS studies on ordered metal nanorod arrays 
From the point of view of both SERS mechanism(s) and application, it is highly desirable 
to develop new type SERS substrates from the random rough surface to the ordered 
nano-structured surface. Actually, this is the emphasis in this thesis. By means of alumina 
template synthesis technique to produce nanorod arrays and by selecting appropriate probing 
molecules, we observed SERS for the first time on some transition metal nanorod arrays. With 
the assistance of AFM, TEM, UV-Vis and related theoretical investigation, we are able to 
explore the SERS mechanism(s). Main results are given as follows: 
The capability of template synthesis method to obtained nanorods with controlled size and shape 
allows us to employ these arrays as two-dimensional structured SERS substrates, 
especially for the transition metals. At open circuit potentials, the SEF of about 6 
orders for the noble metal nanorod arrays was close to that for the normal electrodes 
under the optimum condition, while the SEF of 3-4 orders for Co or Ni nanorod 
arrays was at least one order higher than that for electrochemically roughing surface 
at potentials of maximum intensity. 
The SERS intensity of the probe molecule adsorbed at the nanorod arrays depended 
critically on the height of the protrusion of the nanorod at the surface, which was revealed by 
the time-resolved SERS study. Firstly, the intensity increased significantly with the increase of 
the height of the nanorod during the etching time of alumina film, then it achieved the 
maximum following by a slow process of the decrease in intensity. Finally, it almost remained 













mechanism(s) and the morphology of nanorod standing on the surface. The theoretical 
calculation on the relationship of SEF with the aspect ratio and excited line revealed that the 
maximum enhancement occurs at a certain excited line for a given aspect ratio of the nanorod. 
Moreover, the higher the aspect ratio of the nanorod was, the stronger the enhancement. 
With the increase of the protrusion of the copper nanorod over the alumina template in the 
etching process, the SERS intensity increases. The surface electric field produced by the surface 
plasmon resonance and the lightning rod effect at the tip of the nanorod become strongest when 
the protrusion of the nanorods on the template surface has a proper height. For the transition 
metal nanorod arrays, it was almost impossible to excite surface plasmon resonance in the 
visible light region, the change of the intensity with the protrusion length of the nanorod arrays 
was mainly contributed by the lightning rod effect. 
The present approach reveals that most metal (especially transition metals) nanorod arrays 
could exhibit good SERS activity. They not only have the SERS activity of conventional rough 
bulk surface, but also have the order structure for the theoretical simulation. We believe that 
with the rapid development of the nano-technology, the techniques for the preparation of metal 
nanorod arrays will become mature. It is very promising that nanorod arrays will become a new 
and important type of SERS substrate for theoretical and applied investigation.   
 
(iv) SERS as a diagnostic tool for charactering the novel prosperities of metal 
nanorods 
It was well known that the nano-materials have some novel properties that are different 
from the bulk phase. Raman spectroscopy has been wildly used in studying the 
nano-semiconductors and carbon nanotubes. Unfortunately, nano-scale metals themselves can 
only exhibit lattice vibration bands locating in extremely low frequency region, which is very 
difficult to be probed by Raman spectroscopy. Therefore, one has to seek an alternative way to 
study metal nanorods using Raman spectroscopy. In this section, with the help of high 
sensitivity of SERS and by selecting suitable probe molecule, the change of the vibrational 
frequency of the probe molecule with the diameter and length of Cu and Ag metal nanorods 
was investigated respectively, in order to probe the relationship between the electric properties 
and the diameter of the metal nanorods. 
On the ground of the fact that the CN stretching vibrational frequency of SCN- is sensitive 













probe the electric properties of the metal nanorod. We, for the first time, observed the frequency 
shift of the probe molecules with the change of the diameter of the Cu and Au nanorods. 
However, similar phenomenon was not observed at Ag nanorods. The AFM images showed that 
the Ag nanorod lost the novel properties of the nano-materials because the emerged Ag 
nanorods aggregated and formed Ag islands at the surface.  
Most interestingly, when the diameter of Cu is less than 50 nm, the frequency shows 
blue-shift with the increase of the diameter. The frequency of C≡N stretching vibration (νCN) of 
the adsorbed SCN- approaches to a constant value, which is close to that from the roughened 
bulk Cu electrodes after the diameter of nanorod is larger than about 50 nm. The effect on the 
frequency of the diameter from 50 nm down to 15 nm is equal to that of the potential change of 
about 200 mV to 250 mV in the electrochemical system. This interesting phenomenon was 
analyzed by theoretical calculation. By using the electron gas model and neglecting the 
interaction between the electron and the nucleus and among the electrons, the 4s energy level 
(related to Fermi level) was calculated by changing the diameter of the nanorod. It revealed that 
the smaller the diameter (volume) was, the higher the energy level. This leads to a higher 
tendency for the nanorod to give electron to the probe molecule, which results in the decrease of 
the frequency. The influence of the surface effect was also investigated. With the decrease of the 
diameter, the ratio of surface atom number to the bulk atom number increases quickly. As a 
result, the cohesive energy of the nanorod was lower than that of the bulk metal. The electrode 
potential of the nanorod can be calculated through the Born-Haber cycle. The results revealed 
that the nanorod arrays have a more negative potential than the bulk metal. As a consequence, 
the electron of the surface atom can transfer to the probe molecule easily which results in the 
red-shift of the CN vibrational frequency. 
SERS has been developed successfully for the first time into a diagnostic tool for 
charactering the novel surface properties of the nanorod. The shift of the electric energy level 
was qualitatively interpreted by the small size effect and the surface effect of nanoparticles.  
 
(v) Studies on the two types of SERS active sites 
As another work of the thesis, the SERS investigation has been extended from nanoscale to 
atomic scale microscopically. The coadsorption dynamic of thiourea and anion was investigated 
by potential step technique on the Ag or Au electrodes. It revealed the interest phenomenon 













The process of thiourea coadsorbed with anion was very complex. The response of different 
vibrational bands to the potential step and the direction of such step is different. The reason for 
this is the dynamic process after the potential change not only involves the change of the 
orientation, but also the change of the structure of the coadsorption layer.  
In order to study the change of the dynamic before and after some active sites were 
removed by the severe hydrogen evolution, we designed a special time-dependent experiment. 
The results showed that both Au and Ag have two different types of SERS active sites. The 
dynamic of thiourea coadsorbed with anion was the same at the SERS active sites with higher 
activity, while it was different for the Ag and Au electrode at the stable active sites. The results 
revealed the complexity and multiformity of the SERS activity. 
 
In summary, the present thesis revealed that the SERS is an important phenomenon not only 
in surface science, but also in nano-science. Therefore, the development of SERS should benefit 
from the fast developing of nano-science. Firstly, nanotechnology provides appropriate 
roughening method for preparing SERS active substrates of transition metals. It allows us to 
extend the surface Raman spectroscopy to iron electrode system of the practical significance. 
Secondly, it allows us to prepare well shape and size -controlled nanorod arrays to be used as 
high SERS active substrates. By using this array as the model for the experiment and theoretical 
calculation, it is beneficial to get deep insight of the complex SERS mechanism(s). Moreover, 
the nanorod arrays might serve as the bridge of the random rough surface to the well-defined 
single crystal surface. On the other hand, the development of SERS provides a new approach for 
the characterization of nanomaterials. SERS, with high surface sensitivity, combined with the 
proper probe molecule will be developed to one of diagnostic tools for charactering the novel 
properties of the metal nanorod arrays. 
Finally, it is necessary to point out that the studies on SERS from nanorod arrays and SERS 
as a diagnostic tool for nanorod arrays were quite preliminary. Thus, further systematic 
experimental and theoretical studies are highly desired. However, the present work made some 
meaningful exploration on how to overcome the above-mentioned three difficulties which 
limited the development of SERS in the past 25 years. Hopefully, this work has made some 
contribution to long effort of SERS specialists in developing SERS into a general tool in surface 
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